BACKGROUND: Prostate-specific antigen (PSA) levels between 4.0 to 10.0 ng/ml have poor specificity in prostate cancer screening, leading to unnecessary biopsies.
T he prostate-specific antigen (PSA) assay is currently considered the most useful tumor marker for detecting prostate cancer. Both the American Cancer Society and the American Urologic Association recommend annual cancer screening with both PSA and digital rectal examinations. 1, 2 However, not all observers find the data on PSA persuasive. The National Cancer Institute, the American College of Physicians, and the U.S. Preventive Services Task Force have all refused to recommend routine screening because there is no conclusive evidence that PSA testing reduces disease-specific morbidity or mortality. [3] [4] [5] Another major concern is that PSA lacks specificity and screening leads to many unnecessary prostate biopsies, particularly for PSA values between 4.0 and 10.0 ng/ml. In this range, Catalona et al. found that the positive predictive value for PSA was only about 26%, although nearly 80% of the cancers were organ confined. 6 This diagnostic "gray zone" (PSA values between 4.0 to 10.0 ng/ml) has led to different strategies to improve the specificity of PSA, including measuring PSA velocity (rate of change over time), 7 PSA density (PSA per unit of prostate volume), 8 and age-specific reference ranges. 9 However, none of these strategies have been widely accepted or proven effective in prospective trials. Recently, investigators have begun measuring the ratio of free-to-total PSA. Serum PSA exists in a free form as well as complexed to a number of protease inhibitors. [10] [11] [12] [13] Most PSA is bound to alpha-1-antichymotripsin (ACT), 11, 14 and assays for total PSA measure both this bound fraction and free PSA. Empirical evidence has shown that cancer patients have a higher percentage of PSA bound to ACT than normal controls. 11, 15, 16 While the PSA-ACT complex can be measured directly, these assays have very high intra-assay and inter-assay coefficients of variation and are considered unreliable. 12, 17, 18 Most investigators recommend measuring free and total PSA and calculating the free-to-total ratio. 13, 16, 18 Initially, studies using free PSA assays focused on PSA ranges between 4.0 to 10.0 ng/ml because men with levels Ն 10.0 ng/ml are at high risk for cancer and men with levels below 4.0 ng/ml-the upper limit of normalwould not routinely be biopsied. Subsequently, however, a 7.9% prevalence of prostate cancer was reported in men with PSA levels between 2.9 to 4.0 ng/ml, 19 and men with levels between 2.0 to 3.0 ng/ml were found to have an increased risk of developing cancer compared with men with levels less than 1.0 ng/ml. 20 Consequently, some investigators now recommend measuring free PSA when total PSA levels are between 2.0 and 10.0 ng/ml. 21, 22 In 1998, the U.S. Food and Drug Administration approved the Hybritech Tandem free PSA assays. 23 Using the free-to-total PSA ratio as a criterion for prostate biopsy could substantially change prostate cancer screening practices. We conducted a meta-analysis to evaluate the methodologic quality of the free PSA literature and to determine the diagnostic performance of the free-to-total PSA ratio for detecting prostate cancer when PSA levels are between 2.0 and 10.0 ng/ml.
METHODS

Literature Search and Data Abstraction
M EDLINE was searched from January 1986 through July 1997, combining the MeSH headings "prostate-specific antigen" and "prostatic neoplasm" and then linking them with the MeSH heading "alpha-1-antichymotrypsin" or with the text words "free" or "gamma-seminoprotein." Articles were also identified from bibliographies of review articles and retrieved articles, and the tables of contents from the January 1994 through December 1997 issues of the journals Urology and Journal of Urology.
Article selection criteria included English-language studies using free PSA assays and providing data on sensitivity and specificity. Studies had to evaluate at least 10 prostate cancer patients and 10 histologically confirmed noncancer controls. Studies using only gamma-seminoprotein assays or the ratio of alpha-1-antichymotrypsin to total PSA (neither of which directly correlate with the freeto-total PSA ratio) were excluded as were studies that did not provide diagnostic performance data. Two investigators reviewed all titles and abstracts, retrieving all articles that potentially met the selection criteria. Studies reported only in abstract form were retrieved but not included in the analysis; however, MEDLINE author searches were performed to see if the results were subsequently published. We retrieved one study first identified only as an abstract. 24 Retrieved articles were abstracted for study design features and data on test operating characteristics for the free-to-total PSA ratio. Reviewers examined articles independently; if there were any disagreements on data abstraction, the reviewers tried to reach consensus or used a third reviewer to referee.
Quality Assessment
All studies meeting selection criteria were included in the meta-analysis. However, we also used methodologic quality criteria based on published guidelines to evaluate study validity and generalizability. [25] [26] [27] [28] [29] [30] Study validity was assessed by whether a study selected an appropriate reference (gold) standard, appropriately performed the diagnostic test, independently interpreted test results, and avoided work-up bias. Generalizability was assessed by the spectrum of study patients and the technical details of the test. Precision of results was based on the number of subjects with cancer. We described the number of studies meeting methodologic criteria and used these classifications for sensitivity analyses.
The most appropriate reference standard was considered to be either radical prostatectomy or multiple systematic transrectal prostate needle biopsies with longterm clinical follow-up for men with negative biopsies. Studies using either transurethral resections of the prostate or biopsies without long-term clinical follow-up have a moderate risk of bias because sampling errors can affect diagnostic test performance. Appropriately performing the free PSA assay was based on specimen handling, including storage temperature and duration, and the molar response of the immunoassay. Specimens retained beyond 24 hours should be frozen, and free PSA remains significantly more stable when frozen at Ϫ 70 Њ C than at Ϫ 20 Њ C. 31, 32 Equimolar antibodies-directed at two distinct epitopes that are not blocked by ACT binding-most accurately determine the free-to-total PSA ratio. 13, 17, 33 Independent interpretation of test results (blinding) is defined by the absence of test-review or diagnostic-review bias. 25 Test-review bias occurs when the diagnostic test interpretation is influenced by the results of the reference standard test. Diagnostic review bias occurs when the results of the diagnostic test affect the interpretation of the reference standard test. We looked for explicit statements that the study was blinded. Work-up bias (verification bias) was considered possible when the reference standard was not uniformly applied to all patients undergoing the diagnostic test, especially if patients with positive (or negative results) were preferentially referred for further testing. 25, 29, 30 Work-up bias was minimized when the reference standard was uniformly applied to consecutive or randomly selected subjects.
Generalizability of study results depends upon the clinical spectrum of study subjects. 25 The important patient characteristics for prostate cancer testing include age, race, digital rectal examination findings, urinary symptoms, presence of benign prostatic hyperplasia, and cancer stage. 34 Additionally, investigators should explicitly describe study eligibility criteria. Finally, the generalizability of free PSA immunoassays can be further increased by calibrating against a purified standard of PSA-ACT and free PSA, thus minimizing interassay variability. 18, 35, 36 
Diagnostic Performance
Diagnostic performance was assessed according to standard epidemiologic definitions. 37 Sensitivity is the proportion of cancer cases with abnormal free-to-total PSA ratios. Specificity is the proportion of noncancer controls with normal free-to-total PSA ratios. We determined the likelihood ratio, which compares the proportion of people with and without the target disorder within a stratum of diagnostic test results. For each study where investigators selected a single best free-to-total PSA ratio cut point, we computed the likelihood ratio for positive and negative tests, the associated 95% confidence intervals, and the nonparametric trapezoidal area under the receiver operating characteristic curve. 38 These diagnostic performance data were described by median values and interquartile ranges.
We used the median likelihood ratios to evaluate the relative effects of positive and negative test results on probability revision with Bayes' theorem 37 :
For PSA levels between 4.0 and 10.0 ng/ml, the probability of cancer is approximately 25%, 6,39 which becomes the pretest probability for the above equation. Probability is converted to odds with the equation:
Using Bayes' theorem, we plotted the investigator-selected cut point for each study against the posttest probabilities for both positive and negative results. Regression lines, fitted with Statistica (Statsoft, Inc., Tulsa, OK), were not extrapolated beyond the range of empiric data.
Summary Receiver Operating Characteristic Curves
Summary receiver operating characteristic curves were obtained following the methods of Moses and Littenberg. 40, 41 The true positive (TPR) and false positive rates (FPR) from each study were converted to their logistic transforms using the following equations:
The purpose of this transformation was to linearize the data for linear regression analysis. To avoid having cells with zero, we added one-half to all counts in each cell. Two additional terms were defined:
S was the sum of the two transforms and was related to Posttest odds for prostate cancer Pretest odds for prostate cancer Likelihood ratio for the diagnostic test results × = odds probability 1 probability -
the diagnostic cut point selected by the investigators. D, the logarithm of the ratio TPR/FPR, was a measure of how well the test discriminated between diseased and nondiseased subjects. The relationship between S and D was estimated with SAS 42 by using a weighted least squares regression to fit the linear model: D ϭ bS ϩ i. After estimating the slope and intercept of the transformed line, we backtransformed the line to yield a summary curve consistent with the TPR and FPR reported for each study.
We tested for homogeneity by plotting the 95% confidence intervals for the TPR and FPR for individual studies against the summary receiver operating characteristic curve. If the confidence intervals for all studies overlapped the summary curve, then the studies were considered to be homogeneous. Sensitivity analyses were performed by classifying studies into subgroups according to methodologic criteria and comparing the D statistics. The nonparametric Mann Whitney U test was used for statistical comparisons.
RESULTS
Overall, we retrieved 90 articles from an initial 252 references identified by the literature search, but only 54 studies presented original diagnostic performance data. An additional 16 studies were excluded because we could not abstract data for PSA values between 2.0 and 10.0 ng/ml. 14, 16, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] We also excluded 5 studies with inadequate sample sizes, 57-61 6 with superseded data, 62-67 3 reporting only gamma-seminoprotein data, 68-70 and 3 reporting only ACT ratio data. 11, 16, 71 The remaining 21 studies reported diagnostic performance data for the freeto-total PSA ratio when total PSA levels ranged from either 4.0 to 10.0 ng/ml, 35,73-88 2.5 to 10.0 ng/ml, 89,90 or 2.6 to 4.0 ng/ml. 91 Seventeen of the 21 studies presented data on investigator-selected cut points. [73] [74] [75] [76] [77] [78] [79] [80] [81] 83, 84, [86] [87] [88] [89] [90] Table 1 shows the number of studies meeting the methodologic criteria used to evaluate validity and generalizability. Thirteen studies used needle biopsy as the single reference standard, but none of them used long-term clinical follow-up to define true negative test results. The other studies used a combination of reference standards including 4 72,80,85,86 using radical prostatectomy. Two studies did not perform biopsies on all control subjects. 75, 86 The majority of studies used appropriate specimen handling and equimolar assays, but only 1 study calibrated the free PSA assay against a reference standard. 35 Only 3 studies explicitly indicated that test interpretations were blinded. 77, 81, 83 Nine studies evaluated fewer than 30 cancer cases. Six studies used free PSA testing in screening populations 74, 76, 77, 83, 89, 91 ; the remaining studies either tested referral populations, often with frozen stored serum samples, or did not describe indications for testing. The majority of studies failed to either describe eligibility criteria or to report on age, race, symptoms, digital rectal examination findings, and cancer stage. Table 2 shows the diagnostic performance data for the 17 studies presenting an investigator-selected cut point for PSA values between 2.0 to 10.0 ng/ml. Investigators generally selected these cut points to maximize sensitivity, although several studies selected cut points to maximize accuracy (overall proportion of true positive and true negative tests) 75, 80, 90 and 1 study maximized specificity. 79 In these studies, the median likelihood ratio of a positive test was 1.76 (25th percentile, 1.40; 75th percentile, 2.11) and the median likelihood ratio of a negative test was 0.27 (0.20, 0.40). The associated median area under the receiver operating characteristic curve was 0.68 (0.64, 0.71). Assuming a 25% pretest probability of cancer, Bayesian analysis with these median likelihood ratios led to a posttest cancer probability of 37% (32%, 41%) following a positive test and 8% (6.2%, 11.7%) following a negative test. Figure 1 shows the investigator-selected cut points plotted against posttest probabilities, again assuming a pretest probability of 25%. For negative tests (the lower line), the relationship was linear with a slope of approximately zero ( Ϫ 0.002, SE ϭ 0.002), indicating that the posttest probability did not depend on the cut point. Following a negative test, the probability of cancer was reduced by over 50%. We found a logarithmic relationship between the cut point and posttest probability for positive tests. The probability of cancer was greater than 70% for cut points less than 10%, but less than 40% for cut points above 20%. Figure 2 shows the estimated summary receiver operating characteristic curve based on the 17 studies with investigator-selected cut points. The summary curve shows that setting the free-to-total PSA ratio cut point to achieve a true positive rate above 90% led to false positive rates ranging from 60% to 90%. Conversely, setting the cut point to achieve a false positive rate less than 10% led to true positive rates ranging from 30% to 50%.
Graphical tests showed no significant heterogeneity among studies, implying that between-study differences in true positive and false positive rates arose from the different cut points selected by the investigators. As shown in Table 3 , we also performed sensitivity analyses based on avoidance of work-up bias, specimen handling, type of free PSA assay, blinding, purpose of testing, cohort assembly, avoidance of spectrum bias, and sample size. Although discriminating power as represented by the intercept (D) of the (S, D) space regression line was consistently lower in studies with greater methodologic rigor (except for specimen handling), the differences did not achieve statistical significance.
Several studies provided data for PSA levels below 4.0 ng/ml. 78, 86, 87, 91 Median likelihood ratios were 1.64 (25th percentile, 1.28; 75th percentile, 2.56) for positive tests, 0.27 (0.16, 0.45) for negative tests, and 0.67 (0.59, 0.76) for the area under the receiver operating characteristic curve. The literature suggested a 10% pretest probability of prostate cancer for PSA values less than 4.0 ng/ml. 92 Therefore, the posttest cancer probability was 15.4% (12.5%, 22.1%) following a positive test and 2.9% (1.7%, 4.8%) following a negative test. However, the only screening study, which evaluated 317 men with PSA values between 2.6 to 4.0 ng/ml, had a likelihood ratio of only 1.10 (95% confidence interval, 1.00 to 1.21) for a positive test and a likelihood ratio of 0.54 (0.26, 1.12) for a negative test. In this screening population, the posttest cancer probability was 10.9% (10.0%, 11.9%) following a positive test and 5.7% (2.8%, 11.1%) following a negative test. The area under the receiver operating characteristic curve was 0.54 (0.46, 0.62).
DISCUSSION
The free-to-total PSA ratio has been recommended as an effective strategy to improve the specificity of total PSA for "gray zone" values between 2.0 and 10.0 ng/ml. Our meta-analysis showed that using the investigator-selected free-to-total PSA cut point yielded modest revisions of probability estimates for cancer. The median likelihood ratio for a positive test was 1.76 (interquartile range, 1.40 to 2.11), a value which generates minimal changes in posttest probabilities. 27 The median likelihood ratio for a negative test was 0.27 (0.20, 0.40). Although this likelihood ratio is considered to generate only small probability changes, 27 a negative test substantially reduced the probability of prostate cancer from 25% to 8%.
When we plotted the investigator-selected cut points against posttest probabilities, we found that the probability revision following a negative test was independent of FIGURE 1. Investigator-selected cut points for the free-to-total PSA ratio are plotted against the posttest probabilities for positive and negative tests. Curves are based on a pretest probability of 25%.
FIGURE 2.
The estimated summary receiver operating characteristic curve based on the 17 studies presenting data on investigator-selected cut points for the free-to-total PSA ratio.
the study cut point within the range of cut points that were considered. In contrast, the posttest probability following a positive test depended upon the cut point. The lower the cut point, the more likely that a patient had prostate cancer, with the probability nearly doubling as the cut point dropped from 20% to 10%. However, we cannot endorse using a lower cut point because few studies selected cut points less than 15% and more cancers will be missed at lower cut points. Nonetheless, these results suggested that using multiple cut points, especially for evaluating positive tests, may provide more precise information about the posttest probability for cancer.
Our results indicated that the free-to-total PSA ratio did not have a high discriminating power. This finding was supported by the relatively low median area under the receiver operating characteristic curve of 0.68. Most of the investigators chose an optimal free-to-total PSA cut point that set the sensitivity around 95% to minimize the chance of missing a cancer. The summary receiver operating characteristic curve showed that sensitivities above 90% were associated with very high false positive rates.
Investigators were willing to accept poor specificity for the free-to-total PSA ratio because measuring free PSA could reduce the number of unnecessary biopsies. However, potential spectrum bias and imperfect reference standards made the estimates of specificity unreliable for a screening population. Spectrum bias 25, 30, 93 was possible because the majority of studies evaluated subjects referred to urologists with prostate abnormalities. The magnitude and direction of this bias was difficult to assess because the indications for enrolling patients and performing biopsies usually were not provided, and few studies presented complete demographic and clinical descriptions. Another source of bias came from relying on the relatively insensitive prostate needle biopsy for a reference standard. The transrectal prostate needle biopsy has false negative rates of at least 20%. 94, 95 Diagnostic test properties can change with disease prevalence when the reference test negative group contains many diseased subjects. 96, 97 Because the median cancer prevalence in these studies of men with PSA values between 4.0 and 10.0 ng/ml was 39%, specificity might be expected to differ in a screening population in which disease prevalence is much lower. 97 The literature also provided no consensus on the optimal free-to-total PSA cut point because assays and specimen handling were not comparable across studies. Only 4 studies clearly performed assays on fresh specimens; the remaining studies either did not describe specimen handling or else used specimens frozen for unreported lengths of time. However, free PSA and PSA have been shown to undergo significant degradation during frozen storage. This implies that the free-to-total PSA ratios reported for samples with long-term or uncertain storage may be unreliable. 31, 32, 76 Inter-assay differences in immunoresponsiveness between the skewed and equimolar response assays can also affect the estimated ratios. 13, 17, 33, 98 Stamey has reported overcoming this problem by calibrating against a PSA-ACT and free PSA standard. 36 However, only 1 group of investigators 35 calibrated their assay against such a standard.
Test-retest variability is an important problem with free PSA assays. While the studies in our meta-analysis generally reported a coefficient of variation for percent free PSA less than 8% for control specimens, other investigators have shown higher coefficients of variation, ranging from 10% to 16%, with serial blood sampling. 99, 100 Without further data, investigators cannot yet establish an optimal cut point for using the free-to-total PSA ratio in prostate cancer screening.
We found additional methodologic flaws that threatened the validity and generalizability of study results. Work-up bias potentially occurred in the studies failing to test all subjects with the same reference standard and when subjects were not consecutively or randomly selected. Many studies were retrospective and patient selection was based on having both a biopsy and enough stored serum to run assays. Additionally, the selection of reference standards was flawed. The definitive reference standard, radical prostatectomy, was used in only a few studies and was not applied to all subjects. Transrectal prostate needle biopsy, the most frequently used reference standard, has a high false negative rate. 94, 95 However, no study used long-term clinical follow-up to determine the validity of the false negative biopsy.
Generalizing study results was difficult because few studies provided explicit eligibility criteria or described the subjects' ages, clinical symptoms, digital rectal examination findings, and cancer stages. Although investigators reported on various different free PSA assays, only 1 study calibrated their results against a reference standard. Finally, few studies had large enough sample sizes to ensure adequate precision for estimating diagnostic accuracy.
Although sensitivity analyses did not show statistically significant differences between subgroups defined by quality criteria, our power to detect such an effect was low with only 17 eligible studies. Nonetheless, the discriminating power was consistently lower in studies with greater methodologic rigor.
Four studies provided data on using the free-to-total PSA ratio when the total PSA was less than 4.0 ng/ml. The only screening study, which excluded men with abnormal digital rectal examinations, reported likelihood ratios that generated extremely small probability revisions. Additionally, the area under the receiver operating characteristic curve was 0.54, indicating poor discriminating power. None of the other studies stratified data by digital rectal examination findings, leaving them susceptible to patient selection bias because men undergoing biopsies with a normal PSA level are more likely to have abnormal digital rectal examinations. Therefore, using free-to-total PSA ratios when total PSA is less than 4.0 ng/ml is not supported by the available literature.
Our study results potentially could be limited by missing relevant studies. However, we conducted an exhaustive literature search, including a hand search of leading urology journals. We did not include foreign language studies, although we reviewed the English-language abstracts. The homogeneity of study results seen in the summary receiver operating characteristic curve and the lack of significant differences in the sensitivity analyses suggest that we have appropriately summarized the available literature.
Based on our meta-analysis of the free-to-total PSA ratio, we concluded that the test did not have good discriminating power and that likelihood ratios for positive tests had minimal effect on probability revision. A negative test result in a screening population could reduce the posttest probability for cancer to approximately 10%. This information may be helpful in clinical decision making and could reduce the number of unnecessary biopsies.
However, patients may find that this probability is not low enough to avoid undergoing a prostate biopsy.
Methodologic flaws in reference standards and the potential for work-up and spectrum biases limited the validity and generalizability of the free PSA literature. No optimal cut point could be determined from the meta-analysis and estimates for test specificity-the potential reduction in unnecessary biopsies-were imprecise.
Further research is needed to accurately assess the diagnostic performance and utility of the free-to-total PSA ratio. The test should be evaluated in prospective studies consecutively enrolling subjects from screening populations. Data should be reported on age, digital rectal examination findings, symptoms, and ethnicity; the most important population to study is men with indeterminate PSA values and normal digital rectal examinations. Using free PSA assays calibrated against a purified reference standard would increase the generalizability of recommended cut points. Investigators should also consider reporting diagnostic performance data for multiple cut points. Similar design criteria should be applied for evaluating other recently proposed strategies for improving the specificity of PSA, including prostate-specific membrane antigen, human kallikrein 2, and newer assays of complexed PSA. 101 
